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Mycorrhizal associations formed by Phialophora finlandia in Pinus resinosa were both ectomycorrhizal and ectendomycor- 
rhizal with randomly distributed clusters of spherical hyphae within cells of the cortex. The ectomycorrhizal condition was 
common for short distances in the apices of short roots and in smaller diameter long roots, but intracellular invasion from the 
Hartig net occurred proximal to this zone, resulting in an ectendomycorrhizal structure. In large diameter long-root branches both 
conditions were found at different positions along the root axis. In addition, sclerotia-like inclusions occurred in the inner cortical 
cells, often radially opposite to the protoxylem. Mycorrhizal associations in Picea rubens and Betula alleghaniensis were 
predominantly ectomycorrhizal in all roots; sclerotial bodies could be present in the inner cortex of both hosts. The Hartig net 
extended to the endodermis in the spruce, but it surrounded only the epidermis in birch. The epidermal cells of birch 
ectendomycorrhizae elongated radially and obliquely to the root surface, but in spruce the mycorrhizal condition had no effect on 
radial dimensions of cortical cells. 
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Les associations formées par le Phialocephala finlandia dans Pinus resinosa sont ectomycorhiziennes aussi bien qu’ecten- 
domycorhiziennes, montrant dans ce cas des hyphes sphériques dans les cellules corticales; ces hyphes sont regroupées au 
hazard. Les conditions ectomycorhiziennes sont courantes sur de courtes distances dans les apex des racines courtes et dans les 
racines longues de petit diamètre, alors que |’ invasion intracellulaire å partir du réseau de Hartig a lieu en position proximale par 
rapport å cette zone résultant en une structure ectendomycorhizienne. Dans les ramifications des racines longues de fort diamétre, 
les deux conditions ont été retrouvées å différentes positions le long de Гахе racinaire. De plus, on retrouve des inclusions qui 
ressemblent a des sclérotes dans les cellules les plus internes du cortex; ces inclusions sont souvent en position radiale 4 l’opposé 
du protoxyléme. Chez Picea rubens et Betula alleghaniensis, \es associations mycorhiziennes sont de prédominance 
ectomycorhizienne dans toutes les racines; des sclérotes peuvent étre présents dans le cortex interne chez les deux espéces. Le 
réseau de Hartig s'étend jusqu’à l'endoderme chez l’Epinette, mais n’entoure que |’épiderme chez le bouleau. Les cellules 
épidermiques des ectendomycorhizes du bouleau s’allongent radialement et obliquement par rapport å la surface alors que chez 


l’épinette la condition mycorhizienne reste sans influence sur les dimensions radiales des cellules corticales. 


Introduction 

Two difficulties face investigators who attempt to isolate 
ectomycorrhizal fungi from the roots of woody plants. First is 
the question of which are the bona fide ectomycorrhizal fungi 
and which are nonmutualistic associates. Second is the problem 
of identifying the fungi. Although a large number of ectomycor- 
rhizal fungi can be isolated from most host species on natural 
forest sites, most investigations have also encountered many 
dark septate fungi variously reported as innocuous parasites, 
minor pathogens, cortical saprophytes, or quasi-mycorrhizal 
associates. In a recent paper Wang and Wilcox (1985) reported 
the identities of several dematiaceous fungi isolated from pine 
roots, and in the present paper we describe characteristics of the 
association of one of these, Phialophora finlandia Wang and 
Wilcox, in pure culture with the roots of Pinus resinosa Ait, 
Picea rubens Sarg., and Betula alleghaniensis Britton. 


Materials and methods 


The procedure for monoxenic culture of Phialophora finlandia used 
in this investigation was a modification of that recommended by Marx 
and Zak (1965). Seed was sterilized for 15 min in full-strength hydrogen 
peroxide (30%) and germinated in 25 х 150 mm test tubes containing 
25 mL of 0.5% malt agar. After 4 weeks, uniform seedlings were 
selected and transferred to 2-L flasks containing a sterile mixture of 
820 mL vermiculite and 180 mL milled peat moss, plus 550 mL Маіх — 
Milen — Norkrans (MMN) nutrient medium along with an inoculum of 
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the fungus. The inoculum consisted of two 1- to 1.5-cm discs from an 
active colony of the fungus growing in petri dishes on an agar-MMN 
medium (Marx and Zak 1965). The flasks were placed in a temperature- 
controlled glasshouse maintained at 16°C in a 16°C water bath. The 
photoperiod was maintained for 16h by illuminating with two 
1000-W metal-halide lights providing a supplemental irradiance of 300 
uE'm?:s71. 

Several mycorrhizal syntheses were performed with Phialophora 
finlandia and Pinus resinosa. The initial synthesis was performed as 
part of a screening experiment to determine the mycorrhizal-forming 
ability on Pinus resinosa of a large number of fungi isolated from wild 
seedlings of Scotch pine in Finland. This test demonstrated that P. 
finlandia, designated as FAG-15 prior to its identification, was 
mycorrhizal іп seedlings examined after 7 and 9 months. Thereafter, а 
series of mycorrhizal syntheses was undertaken with this fungus. The 
first, beginning with 12 replicate flasks, was started in June 1977 to be 
harvested after 1 year. However, after breaking down six flasks at 1 
year, it was decided after observing the uniform appearance of the 
seedlings that half of the replicates would be sufficient for anatomical 
studies; the remainder would be used for а survey of later developmen- 
tal features. Of the six remaining flasks, two were sampled at 18 
months, two at 29 months, and two were lost to contamination. 

The second mycorrhizal synthesis experiment was established with 
six seedlings in February 1980 and sampled after 4 months; а third 
experiment was set up with six seedlings in January 1983 and sampled 7 
months later. 

Mycorrhizal synthesis experiments involving P. finlandia with 
Picea rubens and Betula alleghaniensis (12 seedlings for each 
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fungus—host association) were established in December 1983 and 
March 1984 as part of an experiment with several other dematiaceous 
fungi as described in а separate paper (Wilcox and Wang 1987). These 
experiments were harvested at 7 months after inoculation. 

At the times of the various harvests, bits of substrate from each flask 
and portions of each root system were placed on MMN-agar plates to 
detect contaminations and to reisolate the fungus. Morphological 
features of root systems were analyzed by а combination of pictorial 
and measurement techniques. The root system of each seedling was 
photocopied and photographed to provide а record of its branching 
pattern. Seedlings were photocopied in their entirety, but pines 12 
months old and older were too large and extensively branched to show 
details of fine branching in the intact root system. Therefore first-order 
laterals, identified by numbers according to their position in the 
acropetal sequence along the primary, were removed and photocopied 
individually to show details of the higher order long-root branching and 
the development of mycorrhizal clusters. 

Also in pine, lengths of various long-root branches were measured 
and tabulated to quantify the patterns shown in the photocopies. The 
following measurements were made for each seedling: the length of the 
primary (tap) root; the length of each first-, second-, and third-order 
long-root branch; the number and cumulative lengths of laterals in each 
category; the number and cumulative lengths of first-order laterals 
exceeding 5.0cm in length, second-order laterals exceeding 1.0cm, 
and third-order laterals exceeding 0.5 cm; and the number of short roots 
below 5 mm for each long-root branch and for each long-root category. 

The anatomical characteristics of the root-fungus association were 
studied in relation to root morphology. Portions of root removed were 
marked on the photocopies and kept separate for anatomical study. 
Samples were selected from each root system, including both short or 
small-diameter feeder roots that were ephemeral, and long and more 
prominent skeletal roots that formed the framework of the root system. 
Laterals shorter than 5 cm were generally sampled in their entirety. For 
longer laterals, short lengths were removed from the distal, proximal, 
and, at times, the midportions of their axes. A record of branch order 
was kept. Mycorrhizal short roots were sampled from both the basal 
and terminal portions of the root system and their positions were noted 
on the photocopies. For each mycorrhiza a record was kept of the 
branch order of the mother root that bore it and of its position relative 
to the terminal meristem. 

The sampling procedure did not lend itself to statistical analysis, but 
sufficiently large numbers of samples were collected to adequately 
characterize the patterns of fungal colonization and mycorrhizal 
development in relation to root morphology in the seedlings. 

The methods that were followed for the preparation of slides for 
microscopic examination of mycorrhizae and for the assessment of 
morphological features of root systems in relation to mycorrhizal 
infection have been described in detail in an earlier publication (Wilcox 
1982). 


Observations 


Gross morphology of seedling root systems colonized by P. 
finlandia 

Red pine root systems 

Red pine root systems were first sampled 4 months after 
inoculation. Inoculated seedlings displayed the conspicuous 
heterorhizic appearance of pine with contrasting long- and 
short-root branches, with short roots already developing as 
monopodial mycorrhizae, most less than 2mm in length and 
without evident bifurcations (Fig. 1). The appearance of the root 
system at this age might have been construed as nonmycorrhizal 
if not for the darker caste owing to a wide distribution of black 
hyphae on root surfaces. The effect of the fungus was also 
manifested by the greater elongation of the principal first-order 
laterals as well as the early development of second-order long 
roots from several of the larger basal first-order laterals. 

Later samplings showed continued elongation of long roots 


and progressive changes in appearance of mycorrhizal short 
roots. Figures 2 and 3 show inoculated and uninoculated 
seedlings at 7 months after inoculation. At this age mycorrhizal 
short roots were swollen and many posssessed a fuzzy black 
mantle in their basal portions (Fig. 7). 

At 12 months, the mycorrhizae had become further con- 
spicuous, forming loose clusters of monopodial, bifurcate, and 
short racemosely branched clusters. Figure 4 shows these 
clusters on the basal portion of a first-order lateral that was 
number 4 in the acropetal sequence of laterals from the primary 
of a 12-month seedling. This lateral, shown with a 10.5 cm long 
second-order lateral from its base, was 19.5 cm in length. The 
second-order lateral also shows clusters of mycorrhizae at its 
base. Many of the mycorrhizae in these clusters had the same 
characteristics as those shown for the 7-month-old seedlings in 
Fig. 7. However, a less frequent kind of mycorrhiza was also 
found in the 12-month-old seedlings that resulted from exten- 
sive bifurcation and swelling of short roots and produced 
smooth, compact, coralloid clusters, light amber in color, and 
with no apparent darkening from fungal hyphae (Fig. 8). 

The differences in elongation of the various orders of long 
roots between infected and uninfected seedlings seen in the 
photocopied root systems were substantiated by measurements. 
Table 1 shows the results of these measurements of inoculated 
and uninoculated seedlings after 7 months in flask culture. The 
table summarizes the cumulative lengths of various orders of 
long roots for five seedlings of each treatment. The evident 
differences in the table are too great to require statistical 
treatment. 

Red spruce root systems 

Red spruce seedlings had а heterorhizic appearance similar to 
pine, but they lacked а prominent taproot and the skeletal 
framework was dominated by а small number of large, 
first-order lateral root branches. At 7 months after inoculation, 
the root system of the infected seedling (Fig. 5) was signifi- 
cantly larger than that of the controls (Fig. 6) and the roots were 
perceptibly darkened. The pinnate fans of lateral branches that 
characterize ectomycorrhizae in members of the Pinaceae other 
than Pinus were not evident in spruce seedlings infected with P. 
finlandia and mycorrhizae appeared individually as monopodial 
branches, smooth and usually lightly darkened, but sometimes 
black and swollen with thick mantles (Fig. 10). When swollen 
black mycorrhizae were absent, the main clue to mycorrhizal 
development was seen in the darkening and thickening of the 
higher-order root branches and the stimulation of root branching 
and elongation. 


Yellow birch root systems 

In yellow birch, the development of mycorrhizae from the 
association with P. finlandia was even less conspicuous than in 
spruce. The infected root system became more densely branched 
than the controls, but discernable mycorrhizal branches were 
sparse and hidden among the fibrous rootlets (Fig. 11). Those 
mycorrhizae that were readily recognizable were scraggly, 
small, monopodial, and possessed a smooth black mantle 
(Fig. 12). 


Root anatomy of red pine seedlings inoculated with P. finlandia 

As previously mentioned, seedlings sampled at 4 months 
already possessed developing mycorrhizae. Fungal coloniza- 
tion was already extensive in roots of all orders, with hyphae 
appearing throughout the cortex in various kinds of association. 
In some axial portions of root, the fungus was exclusively 
intracellular, in others exclusively intercellular, and still in 


978 CAN. J. FOR. RES. VOL. 17, 1987 


others it was both. The interrelationships between these types 
of infection are detailed below. 

The early stages of fungal colonization of the 4-month-old 
seedling were observed on first-order laterals selected from the 
distal portion of the primary root. The roots selected were 
between 4.5 and 8.0 cm in length with numerous short roots but 
no recognizable long-root branches. 

In the shortest first-order lateral sampled, 4.5 cm in length, 
root transections revealed a Hartig net starting to develop 
400 шт proximal to the apical initials as shown іп Fig. 13. The 
Hartig net first occurred around three sides of the epidermal 
cells, surrounding a few outer cortical cells immediately 
beneath the epidermal layer. At 800 um (Fig. 14), the Hartig 
net was continuous throughout the cortex, extending inward to 
the endodermis. From this level, the Hartig net extended 
proximally along the root axis to a position 1 cm from the base 
of the root. In the remaining centimetre at the base of the root, 
the infection was intracellular with fine, filamentous hyphae 
crisscrossing the inner cortical cells and running longitudinally 
in the epidermis and the outer layer(s) of the cortex (Fig. 15). 
Scattered root hairs were found intermeshed with fine hyphae on 
the root surface, with occasional isolated patches of fungal 
mantle (Fig. 15). 

Although all emerged laterals on these short first-order 
laterals were less than 1mm in length, they had developed 
Hartig nets in immediate proximity to their apical meristems. 
Figure 16 is a longisection of a 0.9 mm long lateral that arose 
from а 7.5 cm long first-order lateral; it had emerged through a 
cortical zone in the mother root that had only an intracellular 
infection. The Hartig net was present in the apices regardless of 
whether the lateral had emerged from a zone of mother root with 
a Hartig net or with only intracellular infection. However, the 
presence or absence of a Hartig net in the mother root did have 
an influence on the nature of the Hartig net in the base of the 
emerging laterals. Figure 17 is a longisection through the base 


of a 0.80 mm long lateral root that had emerged from an 8.0cm 
long first-order lateral and through a cortex with only intracel- 
lular infection; there was no Hartig net in the mother root but a 
Hartig net first appeared at the base of the lateral in the inner 
cortical layer next to the endodermis and extended centripetally 
and acropetally, quickly expanding to the entire cortex and 
extending to the base of the meristem. 

When the lateral root emerged through a cortex with a Hartig 
net, the Hartig net at the base of the emerging lateral was joined 
with the Hartig net in the mother root and extended unbroken to 
the lateral root meristem as shown in Fig. 18. This lateral was 
only 0.5mm long and had arisen from the 4.5cm long 
first-order lateral described two paragraphs above. 

The other developing first-order laterals examined in the 
lower part of the root system in 4-month-old seedlings showed 
similar patterns of root colonization, but differences were noted 
in the location of the first-developed Hartig net. In most, the 
Hartig net developed first in the inner cortex opposite the 
protoxylem positions instead of in the outer cortex, as observed 
in the short first-order lateral described above; the development 
varied from close proximity to 2 mm from the apical meristem. 
The intervening distance, seldom free of fungus, was colonized 
by intracellular hyphae at varying distances distal to the axial 
position where the Hartig net had begun to form. The intracel- 
lular hyphae displayed a pattern of cells that crisscrossed in the 
inner cortex and ran longitudinally in the outer cortex. Figure 19 
shows an example of Hartig net development at а distance of 
2mm in the inner cortex of a first-order lateral, which had 
attained a length of 8cm and possessed numerous emerging 
laterals. At the initial site of its development, the Hartig net first 
formed around cells of the inner cortex next to the endodermis at 
points radially opposite the two protoxylem positions. 

Serial transections basipetal to the first-formed Hartig net 
revealed a circumferential extension, usually culminating in a 
continuous Hartig net surrounding the inner one to two layers of 


Fics. 1-6. Morphological features of seedling root systems from mycorrhizae synthesis experiments with seedlings of Pinus resinosa and 
Picea rubens inoculated with Phialophora finlandia. Figs. 1-4 are of Р. resinosa and Figs. 5 and 6 are of P. rubens. р, primary root; fo, first-order 
lateral; so, second-order lateral; mc, mycorrhizal cluster. The scale interval is 5 cm in Figs. 1, 2, 3,5, and 6 and I cm in Fig. 4. Fig. 1. Pine seedling 
4 months after inoculation, showing early prominence of taproot and first-order laterals and abundance of emerging short-root branches on all 
long-root surfaces. Fig. 2. Pine seedling 7 months after inoculation with prominent second-order laterals developing from basal first-order laterals. 
Fig. 3. Uninoculated control seedling of pine at 7 months with prominent taproot and first-order laterals but a conspicuously less developed root 
system than inoculated seedling of same age. Fig. 4. Basal 13.2 cm of a 19.5 cm long first-order lateral of pine 12 months after inoculation. Both the 
main root and its second-order branches have numerous clusters of mycorrhizal short roots. Fig. 5. Red spruce seedling 7 months after inoculation 
showing loss of taproot growth habit with ensuing dominance of skeletal side roots. The seedling is conspicuously larger than the control seedling 
but mycorrhizal short roots are inconspicuous. Fig. 6. Uninoculated red spruce control seedling at 7 months. 

Fics. 7-12. Morphology of mycorrhizae formed by Phialophora finlandia on rocts of seedlings in flask culture. Fig. 7. Mycorrhizae with P. 
resinosa showing irregularly bifurcated branches, erratically distributed mantle (т), and dusky color; 7 months after inoculation. х 10. Fig. 8. 
Coralloid Р. resinosa mycorrhizae with smooth, relatively faint, dark caste; 12 months after inoculation. x 12. Fig. 9. Root system of uninoculated 
seedling of P. resinosa (control) after 12 months in flask culture. х0.8. Fig. 10. Mycorrhizae of P. rubens at 7 months. Colorless outgrowths on 
mother root are root hairs (rh). X12. Fig. 11. Root system of B. alleghaniensis 7 months after inoculation showing concealment of sparsely 
distributed mycorrhizae among densely fibrous roots. Circles show locations of mycorrhizal apices. X2. Fig. 12. Scraggly, black mycorrhizae of B. 
alleghaniensis from а 7-month-old root system. X 16. 

ABBREVIATIONS: ep, epidermis; oc, outer cortex; ic, inner cortex; en, endodermis; m, fungus mantle; A, hyphae; ih, intracellular hyphae; hn, 
Hartig net; sc, sclerotium; mr, mother root; cm, cambium; pc, pericycle; px, primary xylem; ph, phloem; rc, resin canal; rh, root hair. 

Fics. 13-18. Anatomical features of mycorrhizae formed by P. finlandia on P. resinosa after 4 months in flask culture. Fig. 13. Transection of 
4,5 cm long developing first-order lateral at a level 400 um from the apical initials, showing a Hartig net in the epidermis, starting to extend to 
underlying cells of the cortex. х 580. Fig. 14. Section 400 нт proximal to that in Fig. 13, showing a continuous Hartig net throughout the cortex. 
х460. Fig. 15. Transection near base of same root showing intracellular hyphae crisscrossing the inner cortex and running longitudinally in the 
outer cortex but lacking a Hartig net. X460. Fig. 16. Longisection of the apex of a 0.9 mm long lateral root emerging from a young first-order 
lateral, showing development of a Hartig net subjacent to the apical meristem. х 230. Fig. 17. Longisection through the base of a 0.80 mm long 
lateral root emerging through the cortex of a first-order lateral that possesses intracellular hyphae but no Hartig net; shows origin of Hartig net at the 
base of the lateral. x 180. Fig. 18. Longisection through base of a 0.72 mm long lateral emerging from a first-order lateral that possesses a Hartig 
net. The Hartig net is continuous between the two roots. Х 230. 
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TABLE 1. Lengths of long roots of 7-month-old red pine seedlings* 


All All First-order First-order Second-order 
first-order second-order Primary laterals laterals laterals 
Treatment laterals laterals root >50 mm <50 mm >10 mm 
Inoculated with P. finlandia | 1387.8 554.6 221.1 952.8 318.5 554.6 
Uninoculated control 403.0 58.8 340.5 79.2 255.3 


255.3 


*Each measurement is a cumulative total in centimetres for five seedlings. 


cortical cells next to the endodermis. In larger roots, the Hartig 
net often remained continuous in the inner cortex, with fungal 
hyphae occurring intracellularly and longitudinally in the outer 
cortex and epidermis. Figure 20 is from an 11.0 cm first-order 
lateral at 1.2 mm from the apical initials showing the above type 
of dual infection. 

The colonization of second-order long roots arising in 
4-month-old seedlings from the longer, basal first-order laterals 
was also studied. Although these roots were of smaller diameter 
and had fewer layers of cortical cells, the features of fungal 
colonization were similar to those in the first-order laterals 
examined previously. The early Hartig net commonly arose in 
the inner cortex opposite the protoxylem positions and developed 
mostly in the inner cortex. The Hartig net then extended 
centrifugally, often forming around the base of root hairs as 
shown in Fig. 21 taken from a second-order lateral that arose 
from a basal first-order lateral in a 4-month-old seedling. The 
labyrinthine pattern of the Hartig net on the cortical cell wall as 
seen on a macerated cell is shown in Fig. 22. 

Seedlings sampled at 5 months were little different from those 
examined at 4 months. The base of the uppermost first-order 
lateral shown in Fig. 23 already showed considerable cambial 
activity, resulting in the collapse of the endodermis. Inter- 
estingly, at this late level of development the root cortex was 
still intact and possessed а healthy-looking Hartig net. There 
was no mantle and no intracellular invasion. 

At 5 months most of the lateral root primordia emerging from 
long roots, like those at 4 months, appeared destined to become 
typical short-root ectomycorrhizae. This was true particularly of 
laterals arising from second-order laterals, as judged from the 
increasingly thicker Hartig nets in the regions of their meristems 
and the gradual diminution in size of the apical meristem. Figure 
24 shows the apex of a 0.85 mm long emerging lateral arising 
from a second-order lateral at the base of a 5-month-old root 
system. Emerging mycorrhizae such as this occurred in the 
distal regions of both first- and second-order laterals. Thus the 
5-month-old seedling showed ectomycorrhizal development 
over much of its root system. | 

Seedlings sampled at 7 months showed further progressive 
changes in the development of the fungal association. Fungal 
colonization was still found in the developing cortex of large 
diameter first-order laterals, but changes had begun to appear in 
the characteristics of intracellular infection. Proximal to the 


meristem region, sclerotial bodies occurred intracellularly in the 
inner cortex opposite the protoxylem poles, and scattered 
intracellular hyphae occurred in the remainder of the cortex in 
both first- and second-order laterals. Figure 25 shows the 
sclerotia 4 cm from the apex of а 12 cm long first-order lateral. 
This lateral, which was the uppermost lateral arising from the 
primary root, had an odd mixture of mycorrhizal and nonmycor- 
rhizal features, including patches of fungal mantle on the root 
surface together with a few root hairs, and filamentous 
intracellular hyphae together with an irregular Hartig net. 

The sclerotial bodies first noted in the distal regions of older 
first-order laterals were found subsequently to be а common 
feature of P. finlandia infection throughout the root system, 
both in long roots and in mycorrhizal short roots. Intracellular 
invasions were also common. Hartig nets became thicker and at 
a short but variable distance from the meristem their hyphae 
penetrated intracellularly, swelling to produce aggregations of 
spherical hyphae. Figure 26 shows the beginning of this 
intracellular invasion in cortical cells in the inner cortex 
opposite а protoxylem position in а first-order lateral. Expan- 
sion of this process throughout the cortex culminated in the 
formation of an ectendomycorrhiza. As а consequence of this 
process an individual root branch often existed as an ectomycor- 
rhiza in its distal portion and as an ectendomycorrhiza at its 
base. Figure 27 shows the appearance of an ectendomycorrhizal 
infection as seen at the base of a short lateral emerging from а 
first-order long root. 

Some of the preceding features were seen in а series of three 
subjacent second-order laterals from the basal region of the 
uppermost first-order lateral of a 7-month-old seedling. The first 
of these arising closest to the base of its mother root was 3.5 cm 
long, 0.45mm in diameter, and had а thick Hartig net, 
resembling а typical ectomycorrhiza except for the lack of а 
tannin layer іп the epidermis and а fungal mantle on the root 
surface (Fig. 28). The next second-order lateral, immediately 
distal to the first (Fig. 29), was only 1.5 cm long, 0.43 mm in 
diameter, and had а Hartig net continuous throughout the 
cortex, both а sclerotium and the beginning of an intracellular, 
ectendomycorrhizal infection opposite one protoxylem posi- 
tion, а partial tannin barrier in its epidermis, and no fungal 
mantle on the root surface. Except for the large size of the stele, 


_itresembled an early stage in the development of an ectendomy- 


corrhiza. The third lateral, distal to the one above, was 8.0cm 


Fics. 19-24. Anatomical features of mycorrhizae of red pine at 4 and 5 months. Fig. 19. Development of Hartig net in inner cortex at a distance 
of 2 mm from the apical initials іп an 8.0 cm long developing, first-order lateral of a 4-month-old seedling. X460. Fig. 20. Hartig net in the inner 
cortex and intracellular hyphae in the outer cortex at a distance of 1.2 mm from the apical initials in an 11 cm long first-order lateral of a 4-month-old 
seedling. X 300. Fig. 21. Hartig net in a second-order lateral surrounding the base of root hairs. Х 460. Fig. 22. Pattern of Hartig net on the wall of a 
macerated cortical cell. X560. Fig. 23. Hartig net at the base of a long first-order lateral in the upper root system of a 5-month-old seedling. 
Arrows indicate crushed endodermis. Х 180. Fig. 24. Apex of a 0.85 mm long lateral emerging from a second-order lateral in а 5-month-old 


seedling. 460. 
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long, 0.35 mm in diameter, and possessed features common to 
the other two. It had а continuous Hartig net, some intracellular 
infection at points outside the protoxylem positions, as well as 
sclerotia next to the endodermis in this position (Fig. 30). The 
tannin layer in the epidermis was almost continuous. This root 
had а stronger resemblance to а typical ectendomycorrhiza 
except for a larger stele. | 

Studies of the mycorrhizal syntheses at 9 and 12 months 
showed few changes in the infection characteristics of second- 
and third-order laterals. The narrowest second-order lateral had 
a diameter of 0.25 mm, a length of 9.9 cm, and bore 24 short 
roots and one third-order lateral with a length of 1.9 cm. The 
stele in this root was monarch as shown in Fig. 31. The thick 
Hartig net and the spherical intracellular hyphae identified this 
root as a thin, long-root ectendomycorrhiza. The 9- and 
12-month-old seedlings also showed the increasing formation of 
third-order long roots and development of mycorrhizal clusters 
along the basal portions of both first- and second-order root 
branches as shown in Fig. 4. The third-order laterals and short 
roots arising from them showed essentially the same anatomical 
features as in the lower order branches already described. 
Diameters varied in third-order laterals as in first- and second- 
order branches. Thus diameters of all orders of long roots 
overlapped, although the trend was always toward a smaller 
root diameter with increasing root order. These relationships 
between branch order and root diameter of red pine have been 
presented in detail in previous publications from this laboratory 
(Wilcox 1964, 1967, 1968a, 19682). 

Those thin, long roots of diminished diameter, whether 
smaller second-order laterals or the progressively thinner long 
roots of increasingly higher branch order, showed an accen- 
tuated ectendomycorrhizal appearance as the stelar tissues 
became less conspicuous and the cortex with its intracellular 
infection and Hartig net occupied a relatively large percentage 
of the root volume. The anatomical appearance of all these long 
roots with reduced steles resembled that of the short, mono- 
podial ectendomycorrhizae and mycorrhizal clusters borne on 
root branches of all orders throughout the root system. Thus 
they were arbitarily categorized for the purposes of this paper as 
“thin, long-root ectendomycorrhizae.” 


A comparison of stelar structure of the thin, long-root 
ectendomycorrhiza in Fig. 31 with the ectendomycorrhizal 
short root in Fig. 32 reveals their similarity. In both, the primary 
vascular structure approached а monarch configuration with 
small, indistinct areas of phloem tissue opposite а short, single 
or double layer of xylem. In both mycorrhizal types the 
proportion of stelar to total root volume was much lower than in 
larger diameter first- and second-order laterals. In 12-month-old 
seedlings the ratio оп а volume basis expressed as а percentage 
was 26—41% for large diameter long roots, whether or not 
colonized with the mycorrhizal fungus, compared with 6.9- 
13.7% for the thin, long-root ectendomycorrhizae and short- 
root ectendomycorrhizae. 

In addition to the stelar changes observed in the 9- and 
12-month-old seedlings, accentuated development was seen in 
the various fungal characteristics. Sclerotia appeared іп а large 
proportion of roots, usually in the inner cortex opposite the 
protoxylem positions, but they also occurred in other positions 
as well. Various degrees of hyphal disintegration were apparent 
in the intracellular hyphae in the basal regions of the ecten- 
domycorrhizal zones in both ectendomycorrhizal short roots 
and long roots (Fig. 33). 


Anatomical characteristics of spruce seedlings infected with P. 
finlandia 

Phialophora finlandia colonized the root system of red 
spruce in essentially the same manner as in red pine. Hartig nets 
were formed in long roots of all orders as well as in short roots 
(Figs. 34, 35, and 36). The Hartig net arose first in the inner 
cortex opposite the protoxylem positions (Fig. 34) and spread 
tangentially and centrifugally to form а continuous Hartig net in 
the cortex (Fig. 35). The mycorrhizae formed in red spruce 
differed from those of pine in being predominantly ectomycor- 
rhizal with only sporadic intracellular hyphae. Fungal mantles 
were also commonly formed surrounding mycorrhizal roots as 
shown in Fig. 36. 

Sclerotial bodies as described for pine were formed also in the 
inner cortex of spruce in juxtaposition to the endodermis (not 
shown). 

The association of P. finlandia with red spruce appeared as 


Fics. 25-30. Anatomical features of mycorrhizae of red pine at 7 months. Fig. 25. Sclerotia in the inner cortex opposite а protoxylem position 
and an irregularly thickened Hartig net in a large first-order lateral. х 180. Fig. 26. Penetration of inner cortical cells by hyphae from the Hartig net, 
representing the beginning stage іп the formation of an ectendomycorrhiza. X460. Fig. 27. Chlamydospore-like swellings of intracellular hyphae 
penetrating from the Hartig net as seen in longisection at the base of a lateral emerging from а first-order lateral. х 460. Fig. 28. Second-order lateral 
from an uppermost first-order lateral showing the structure of a typical ectomycorrhiza except for the large stele and the lack of a mantle. х460. Fig. 
29. Second-order lateral immediately distal to the one in Fig. 28, showing Hartig net, sclerotia opposite а protoxylem position, and the beginning of 
ectendomycorrhizal infection. Х 300. Fig. 30. Second-order lateral distal to the one in Fig. 29, showing the structure of ап ectendomycorrhiza 
except for the large stele. X 180. 

Fics. 31-36. Anatomical features of mycorrhizae of red pine at 12 months and red spruce at 7 months. Fig. 31. Stele of 9.9 cm long, 0.25 mm 
diameter second-order lateral with heavy ectendomycorrhizal infection at 9 months after inoculation. x, xylem cells. х460. Fig. 32. 
Ectendomycorrhiza at 12 months showing prominent cortex with Hartig net and intracellular infection. The stele is similar in structure to that in Fig. 
31. x230. Fig. 33. Disintegration of intracellular hyphae (d) in a first-order long root at 12 months. X460. Fig. 34. Phase photomicrograph of a 
second-order long root of а 7-month-old red spruce, showing origin of the Hartig net in the inner cortex at a position opposite the protoxylem. X460. 
Fig. 35. First-order lateral of 7-month-old red spruce with a Hartig net of irregular thickness around all cells of the cortex. X180. Fig. 36. 
Ectomycorrhiza of a 7-month-old red spruce with a thick fungal mantle on the root surface. X230. 


Fics. 37-42. Anatomical features of mycorrhizae formed Бу Р. finlandia in В. alleghaniensis. Fig. 37. Early penetration of hyphae along radial 
walls between epidermal cells from a fungal mantle on the surface of the root apex. X480. Fig. 38. Later stage in penetration of hyphae. Hyphae 
have spread along tangential walls between the epidermal layer and the first cortical layer. Х480. Fig. 39. Mycorrhiza with radially elongated 
epidermal cells surrounded by the Hartig net and with a thick mantle on the root surface. x480. Fig. 40. Apex of mycorrhiza with less accentuated 
elongation of epidermal cells and with proliferation of intercellular hyphae and the formation of sclerotia between the inner tangential walls of the 
epidermis and the cortex. X300. Fig. 41. Macerated epidermal cells of birch mycorrhiza showing the wedging growth of hyphae in the Hartig net. 
x600. Fig. 42. Macerated cells of birch mycorrhiza showing intracellular penetration and growth of hyphae. Cells are probably from the outer 
cortex. x 700. 
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classically ectomycorrhizal with thick fungal mantles and 
prominent Hartig nets under the conditions of the present 
investigation. However, when synthesis experiments were 
conducted at an extreme acidity of pH 3.0, the fungus 
sometimes invaded the stele (Wilcox and Wang 1987). Since 
the growth of infected seedlings in the current investigation was 
clearly promoted by the fungus, mutualistic relationships must 
have prevailed. 


Anatomical characteristics of birch seedlings infected with P. 
finlandia 

The root system of yellow birch seedlings was much more 
fibrous and less evidently heterorhizic than either pine or spruce. 
Thus it could not be anticipated where ectomycorrhizal struc- 
tures might arise in the root system. Fortunately the entire root 
system of birch was light colored and the sites of fungal 
colonization could be detected by their developing black 
mantles (Fig. 12). 

In the 7-month-old yellow birch seedlings inoculated with Р. 
finlandia, both the shoot and the root system were con- 
spicuously larger than in the uninoculated controls. However, 
the numbers of detectable mycorrhizae were relatively sparse. 
Unfortunately the heavily branched root systems did not lend 
themselves to photocopying and roots were too densely inter- 
woven to photograph for details. Numbers of mycorrhizae were 
sparse among these roots. Several mycorrhizae are encircled in 
Fig. 11. 

Examination of mycorrhizae revealed a number of differ- 
ences both developmentally and in the final structure from those 
in red pine and red spruce. In developing mycorrhizae, the 
fungus first commenced its growth on the root surface near the 
root apical meristem. From the root surface, the hyphae 
penetrated intercellularly at the junctions of epidermal cells 
(Fig. 37) or intracellularly through root hairs. Hyphae penetrat- 
ing between the epidermal cells formed inward extensions that 
appeared as spokes on а wheel as viewed in transections (Figs. 
38 and 39). These hyphal extensions grew radially until they 
reached the inner tangential walls of the epidermal cells. They 
then grew tangentially between the walls of the epidermal cells 
and those of the underlying contiguous cortical cells (Figs. 38 
and 40). The epidermal cells then elongated radially and 
obliquely, forming the conspicuous palisade appearance in 
longisection as commonly reported for ectomycorrhizae in 
dicotyledonous species (Fig. 40). The Hartig net did not 
penetrate the deeper cortical layers, possibly being blocked by 
the phi layers on the radial walls of the cortical cells. The radial 
elongation of epidermal cells was also accompanied by extreme 
reduction in their elongation along the root axis. Å view of the 
tangential surface of clusters of macerated epidermal cells 
revealed their circular cross-sectional diameters and the wedg- 
ing expansion of intercellular hyphae in the Hartig net (Fig. 41). 

Hyphae invaded intracellularly (Fig. 42) and sclerotia were 
also developed in individual cells of the cortex as revealed in 
lengths of cleared whole roots. Longisections of mycorrhizal 
apices show that at least some of these sclerotia were intercel- 
lular (Fig. 40). The fungus, which had grown tangentially 
below the epidermal cells, often continued to thicken and 
produced sclerotia masses, often crushing underlying cortical 
cells and distorting the palisade-like epidermal layer (Fig. 40). 


Discussion 


Authors have often presented results of field and laboratory 
investigations of mycorrhizae in Pinus in terms of percentage of 


short roots converted to mycorrhizae. Such percentages are 
probably valid for easily recognizable mycorrhizae such as 
those formed by Cenococcum geophilum Fr., Piloderma 
bicolor (Peck) Jülich, Pisolithus tinctorius (Pers.) Coker and 
Couch, and а few others. Those mycorrhizae that remain 
monopodial, have indistinguishable or no mantles, and are not 
distinctively colored may escape detection unless they are 
sectioned. The present investigation reveals still another reason 
why а percentage cannot be given for numbers of mycorrhizae: а 
mycorrhiza may be more than a dual association of a fungus and 
a short root. Despite the heterorhizic appearance of pine, both 
root lengths and diameters exist as a continuum. There is little to 
distinguish between a root that is short and will remain so 
because of the extreme reduction of its meristem or stelar tissues 
and one that is short and seems to have an equally reduced 
structure but will gradually elongate into a thin, long root 
bearing various numbers of lateral branches. Phialophora 
finlandia forms monopodial mycorrhizae in the first type and 
racemosely branched mycorrhizae in the second. Furthermore, 
it occupies other long-root branches throughout the continuum 
of root sizes, forming Hartig nets in virtually all roots. Keeping 
all this in mind, how then are we to give a meaningful 
percentage for numbers of mycorrhizae? It is for these reasons 
that we have chosen to evaluate mycorrhizal development in 
terms of morphogenetic effects on the total root system with 
reduced emphasis on the transformations of short roots. 

It is important to distinguish between normal characteristics 
of a healthy, uninfected root system and the modifications 
induced by mycorrhizal infection. Most changes in tissue 
maturation and xylem configuration cannot be ascribed to 
mycorrhizae but are a consequence of normal growth activity 
and cyclic growth behavior (Wilcox 1968a, 19685). Somewhat 
more problematic is the question of whether some mycorrhizal 
infections influence root growth activity. Since mycorrhizae are 
dual organs of root and fungus, it is obvious that meristematic 
activity of the root is essential to the morphogenesis of 
mycorrhizae. However, it is somewhat less certain whether 
there is a reciprocal relationship with the fungus, in turn, 
affecting the growth rate of the root. 

Most studies on the interrelationships of mycorrhizal devel- 
opment to root meristematic activity in woody plant species 
have focused on short roots and fine root branches. Wilcox 
(1967) concluded in a report on the seasonal pattern of 
mycorrhizal development in red pine that apical meristems of 
short roots are marginal in size and depend upon growth 
substances from mycorrhizal fungi to achieve continued growth 
activity. Mycorrhizal formation in long roots was reported to be 
related to seasonal increments of root elongation, but the 
question of the effect of mycorrhizal fungi on the growth of 
larger roots was left open. In a recent paper, Chilvers and Gust 
(19825) likened preinfectional events in eucalyptus seedlings to 
the characteristics of a race, the outcome depending on the 
relative growth rates of the fungus and the various orders of root 
branching. Primary and many first- and second-order roots 
rapidly grew downwards away from the fungus in an inoculum, 
but tertiary roots growing out at right angles to the vertically 
oriented secondary roots were intercepted by the fungus. Once 
the fungus had infected the intercepted root, a mutually 
controlled growth rate was established that was one-fifth of that 
of equivalent uninfected roots. 

No measurements were made of growth rates in the present 
experiment, but it is certain that the infection of long roots by P. 
finlandia did not result in the diminution of their growth but an 
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increase as shown for 7-month-old seedlings from the results in 
Table I and the comparison of Figs. 2 and 3. Since the apices of 
eucalyptus were invested with mantles and ectendomycorrhizal 
pine roots were not, it is possible that the differences are related 
to the presence or absence of a mantle. This requires further 
investigation. 

The details shown in this paper on the events attending the 
initiation of the Hartig net are worthy of further comment. Most 
studies on the development of ectomycorrhizae have focused on 
whether the Hartig net was initiated after the formation of а 
mantle on the root surface or whether the Hartig net was formed 
first followed by mantle formation. The ectomycorrhizae pro- 
duced by P. finlandia in red spruce and yellow birch possess 
mantles, which makes the question of the primacy of nets versus 
mantles germane. In the case of red spruce, the mantle 
developed later and the Hartig net was initiated in the inner 
cortex opposite the protoxylem positions. In yellow birch а 
mantle formed first over the root apex and the Hartig net was 
formed by hyphal penetration from the mantle intercellularly 
between the epidermal cells. In red pine the situation was more 
complicated. А mantle was rarely found, but in а few cases 
where the fungus had concentrated оп а root apex, the Hartig net 
appeared to develop centripetally from the root surface between 
the cells. In most cases, however, the Hartig net first arose in the 
inner cortex, as in spruce. The initial penetration of hyphae was 
not observed, but in the first- and second-order long roots Hartig 
net formation was preceded by a characteristic intracellular 
colonization that was recognizable in root transections by the 
fine hyphae crisscrossing the inner cortical cells and longitudin- 
ally aligned in the epidermis and outer cortical cells. Reasons 
for the inception of the Hartig net radially opposite the 
protoxylem positions are unknown. After its initiation, the 
Hartig net developed acropetally as well as circumferentially 
and centripetally in the cortex. 

No effort was made to map the full extent of the Hartig net and 
the early intracellular infection throughout the lengths of the 
oldest first- and second-order laterals of seedlings 7 months old 
or older. The long roots that formed later and were undergoing 
their early elongation at the time of sampling, and the laterals 
that had immediately emerged and were under I mm, already 
had Hartig nets immediately proximal to their meristems. The 
early intracellular invasion was observed basipetal to the Hartig 
net in the long roots but not in the emerging laterals. 

Laterals emerging from mother roots that had а Hartig net 
also had Hartig nets complete and continuous from one root to 
the other. Those laterals arising from a mother root with only the 
invading intracellular hyphae developed а Hartig net in the inner 
cortex of the emerging lateral at the point of iis junction with the 
mother root. The Hartig net then developed acropetally in the 
lateral, reaching the immediate vicinity of the meristem. 

The ready formation of а Hartig net in emerging laterals 
corroborates the observation of Chilvers and Gust (1982а) in 
eucalyptus that the ectotrophic spread of fungal tissues is only 
possible in the newer unsuberized regions of the root. The close 
proximity of the Hartig nets of P. finlandia to the apical 
meristems of hosts supports the theory that morphogenesis of 
mycorrhizae depends on events at the apical region rather than 
on the formation of susceptible tissues and cells produced in а 
subapical region (Marks and Foster 1973). 

Phialophora finlandia is the second dark, sterile fungus 
isolated from roots of conifers to form both ecto- and ectendo- 
паа lies, The first, Chloridium 


paucis was described by Wilcox and 


Ganmore-Neumann (1974). These fungi are noteworthy because 
they both belong to the Hyphomycetes, which are normally 
considered saprophytes or weak parasites, and because both 
produce root associations that are clearly mycorrhizal, yet 
unusual in various characteristics. 

The present investigation with P. finlandia corroborates the 
earlier work with C. paucisporum, as the colonizing behavior in 
coniferous seedlings is similar in both fungi. Phialophora 
finlandia differs from С. paucisporum in colonizing the root 
system more rapidly and producing an association which is less 
predominantly ectendomycorrhizal. Of the two, only P. finlan- 
dia was able to colonize yellow birch. 

The significance of sclerotia in the inner cells of all three host 
species colonized by P. finlandia is unclear. Aside from 
occasionally disrupting cortical cells by the accretion of fungal 
substance, the sclerotia did not appear to be injurious, except 
possibly in yellow birch where they may seriously distort the 
root. 

Phialophora finlandia did not produce the extensive aggre- 
gations of coralloid mycorrhizae with thick mantles and 
attached rhizomorphs so often seen in basidiomycetous inves- 
tigations. Root systems were somewhat longer and more 
branched than uninfected controls at each sampling, and the 
heterorhizic appearance was accentuated by the reduced elonga- 
tion of the normally finer long-root branches. In comparable 
syntheses with basidiomycetous fungi there is often marked 
reduction in elongation of principal first-order laterals (seen in 
ectomycorrhizal syntheses in our laboratory) in addition to 
coralloid structures just mentioned. 

Thus the roles of fungi and hosts may be different in the 
anatomical changes associated with hyphomycetous fungi as 
compared with basidiomycetous. Certainly the early and exten- 
sive colonization and the continued growth of long roots 
invaded by P. finlandia stands in sharp contrast with the 
situation described by Warren Wilson and Harley (1983) where 
mycorrhizal infection occurred only after elongation had nearly 
or completely ceased. 

Additional discussion on characteristics of ectomycorrhizae 
formed by P. finlandia on these three host species is presented in 
an accompanying paper, which compares the behaviours of 
several dematiaceous fungi (Wilcox and Wang 1987). Parti- 
cular emphasis is given to the special ability of P. finlandia to 
form mycorrhizae at the extreme pH of 3.0 and the problems 
that have arisen from confusing it with black mycorrhizae 
caused by Cenococcum geophilum Fr. and Chloridium paucis- 
porum Wang & Wilcox. 
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